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SEX DIFFERENCES IN THE DEVELOPMENT of hypertension and female protection from hypertension have been well described in humans and in animal models (8, 49) . Activation of the renin-angiotensin-aldosterone system (RAAS) is associated with the development and progression of hypertension. There is a wealth of evidence from human and animal studies that female sex hormones, especially estrogen, provide protective effects by directly modulating the RAAS. These protective effects of estrogen have been demonstrated through its actions not only on the kidney, heart, and vasculature, but also on the central nervous system (CNS). The interactions between estrogen and the RAAS in the periphery have been reviewed elsewhere (26, 31) . This review will focus on the central protective effect of estrogen in the development of hypertension, including the sites of action, estrogen receptor (ER) subtypes in the brain, the central interaction between estrogen and the RAAS, as well as possible mechanisms.
Specific Sites and Receptor Subtypes of Estrogen Action in the Brain
The central regulation of blood pressure (BP) and heart rate (HR) involves complex interactions of several brain stem and forebrain nuclei. Both ER␣ and ER␤, the two classical ER subtypes, have been shown to be expressed in key regions of the brain involved in BP regulation (29) , and there are no major differences in the levels of expression in these areas between the sexes (16) . These include the nucleus of the solitary tract (NTS), nucleus ambiguus, area postrema (AP), caudal and rostral ventrolateral medulla (CVLM and RVLM), parabrachial nucleus (PBN), forebrain structures along the lamina terminalis (LT) [i.e., subfornical organ (SFO), median preoptic nucleus (MnPO), organum vasculosum of the lamina terminalis (OVLT)], and the paraventricular nucleus of hypothalamus (PVN). Immunohistochemical and molecular biological studies provide evidence for region-specific expression of ER subtypes in these nuclei. For example, ER␣ appears to predominate in the NTS and LT-related structures, while ER␤ is more prevalent in the PVN (29) .
An important question for consideration is whether these region-specific ERs may also be involved in the modulation of the central RAAS. Similar to the systemic RAAS, RAAS components that are synthesized de novo in the brain, including angiotensinogen, renin, angiotensin-converting enzyme (ACE1 and ACE2), and ANG II receptors (AT 1 R and AT 2 R), are located in the brain regions involved in BP regulation and can act within the same nuclei (17, 19) . Together, these studies indicate that the brain stem nuclei and forebrain structures along the LT and PVN are possible sites where estrogen interacts with the RAAS to regulate BP in females.
Both ANG II-and aldosterone (Aldo)-induced hypertension in mice and rats have been shown to be attenuated by 17␤-estradiol (E 2 ) actions within the CNS, respectively. In these studies, central infusion of E 2 attenuated ANG II-or Aldoinduced hypertension in both males and ovariectomized (OVX) females. Furthermore, central blockade of ERs by antagonists increased ANG II or Aldo pressor effects in intact females. These central protective effects of estrogen involve attenuated sympathetic outflow (39, 42) .
Acute injections of estrogen into the PBN, NTS, or the RVLM of OVX female or male rats decrease resting BP and augment baroreflex control of sympathetic nerve activity, while selective injection of estrogen into vagal nuclei, such as those in the nucleus ambiguus, augments baroreflex control of HR and increases parasympathetic activity, resulting in decreased HR without affecting BP (24, 25) . In contrast, microinjection of estrogen into the hypothalamic PVN of male rats has no effect on resting BP and HR but attenuates the pressor response to L-glutamate injection into the PVN (9). These results suggest that estrogen regulation of BP, HR, and autonomic nerve activity in the CNS is region-specific. This notion is further supported by the early studies from Jonklaas and Buggy (13, 14) , showing that central estrogen injection in OVX female rats depressed intracerebroventricular ANG IIinduced increases in drinking and BP by decreasing AT 1 R binding in tissue blocks of the preoptic area and septumthalamus, which includes LT-associated structures. The brain area implicated in this effect of estrogen was the medial preoptic area (13, 14) .
The specific roles of ER␣ and ER␤ in BP regulation have been studied in mice with targeted deletions of ER␣ and ER␤ and in animals with acute treatments with ER-selective agonists (1, 23, 32, 52) . Estrogen activation of central ER␣ in female mice protects against baroreflex dysfunction and hypertension induced by ANG II (22, 42) . In ANG II-infused rats, the intensity of ER␣-immunoreactivity increased exclusively in the commissural NTS, while neither the number nor intensity of ER␤-labeled cells changed, suggesting that ER␣ is important in the NTS (20) . In other microinjection studies, ER␤ appeared to mediate attenuated effects of estrogen on resting BP and voltage-gated calcium currents in the RVLM and the glutamate-induced increase in BP in the PVN (9, 28, 34) . Recent studies from our laboratory showed that intracerebroventricular infusions of either diarylpropionitrile (DPN), a selective ER␤ agonist, or propyl-pyrazole-triol (PPT), a selective ER␣ agonist, attenuated Aldo-induced hypertension in OVX rats (44) . In contrast, in intact females, knockdown of ER␣ or ER␤ by intracerebroventricular injections of siRNA-ER␣ or siRNA-ER␤ augmented Aldo-induced hypertension. In these studies, site-specific PVN or RVLM injections of siRNA-ER␤ augmented Aldo-induced hypertension. However, knockdown of ER␣ by siRNA-ER␣ injected into either the PVN or RVLM did not significantly increase BP induced by Aldo. These results indicate that ER␤ in both the PVN and RVLM, but not ER␣ in these nuclei, contributes to the protective effects of estrogen against Aldo-induced hypertension (44) . These studies suggest that specific ER subtypes mediate the regulatory effect of estrogen on BP in different nuclei.
Regulatory Effects of Estrogen on ANG II-or Aldo-Induced Intracellular Signals
More recently, it was demonstrated that either ANG II or Aldo can trigger the production of reactive oxygen species (ROS) via activation of the enzyme NADPH oxidase and that in the brain, excessive production of ROS within the SFO, PVN, and other central regions contributes to ANG II-or Aldo-induced increases in sympathetic activity and BP (40, 41, 51) . Estrogen acting at the level of the SFO inhibited ANG II-induced hypertension and activation of SFO neurons via interactions with intracellular ROS production (48) . Similar effects of ER inhibition of induced ROS production were also demonstrated within the PVN (44) . In cultured PVN neurons, a significant increase in ROS production was evident after overnight incubation with Aldo. The Aldo-induced ROS production was further increased by genetic silencing of either ER␣ or ER␤ with siRNAs (44) . These results suggest that a potential mechanism involved in the attenuation of ANG II-or Aldo-induced hypertension by estrogen may involve ER inhibition of AT 1 -or mineralocorticoid receptor (MR)-induced increases in ROS (see Fig. 1 ). The study by Wang et al. (35) further demonstrated lower immunoreactivity of p47, a key NADPH oxidase subunit, on catecholamine neurons in the RVLM of female rats when compared with males. However, they also had the unexpected finding that immunoreactivity for AT 1 R in these neurons was higher in female than male rats. Within dissociated bulbospinal (sympathoexcitatory) neurons of the RVLM, ANG II induced similar increases in ROS production in male and female rats. The authors concluded that these observations may be due to the increased density of AT 1 R in the RVLM neurons in female rats and that this is counterbalanced by a reduced level of NADPH oxidase activity (35) .
The effects of both estrogen and the RAAS within the CNS also involve kinase modulation (15, 50) . In studies of intact and OVX spontaneously hypertensive female rats, depletion of endogenous estrogen by OVX resulted in greater increases in BP and an increase in RAAS via activation of the Rho/Rhokinase pathway in the brain stem (12) . While the specific mechanisms underlying the hypertensive effects of estrogen depletion in the spontaneously hypertensive rats are still unknown, these authors suggested that estrogen depletion may alter excitatory glutamate synapses within the brain stem via Rho/Rho-kinase modulation of dendritic spine postsynaptic contacts. This is an intriguing hypothesis that certainly warrants further investigation. Additional evidence in support of estrogen modulation of RAAS-related kinase function is found in studies in the rat anterior pituitary (15) . In this study, infusion of ANG II increased PKC activity within the anterior pituitary in both males and females. Interestingly, treatment with E 2 inhibited ANG II-induced increases in PKC activity in males and facilitated ANG II-induced increases in PKC activity in females.
In studies by Felder and colleagues (36) , systemic infusion of ANG II in male rats increased phosphorylation of MAPK and increased expression of the AT 1 R in both the PVN and SFO. Further, the increased expression of AT 1 R was blocked by inhibiting p44/42 MAPK and JNK, suggesting that the central RAAS effects on PVN neurons require MAPK and JNK activation. The effects of MAPK and JNK within the PVN and SFO during ANG II-induced hypertension have not yet been studied in females. Given the known sex differences in neurogenic ANG II-induced hypertension, investigating the interactions between these kinase pathways and estrogen will be important for understanding their roles in the development of hypertension.
Intracellular Ca 2ϩ ([Ca 2ϩ ] i ) is a key messenger in ANG II signaling in neurons, and ROS is involved in an ANG IIstimulated influx of extracellular Ca 2ϩ into neurons (53) (see Fig. 1 ). In anesthetized female rats, intravenous injection of E 2 inhibits AP neuronal activity (18) . The cellular mechanisms involved in this effect of estrogen on neuronal activity have been suggested to include both inhibition of calcium currents and facilitation of potassium currents (IK). In cultured AP neurons, acute application of E 2 was shown to increase the activity of the big-conductance calcium-activated potassium current (MaxiK ϩ ). In these studies, E 2 did not change rapidactivating and rapid-inactivating potassium currents or the delayed rectifier current. Thus, MaxiK ϩ was suggested to be the principal component responsible for the AP total IK increase observed with E 2 (18 (33) , these studies might imply that increased SNA by loss of estrogen may be related to impaired central modulation of baroreflex function and an attenuated inhibitory effect on SNA (33). However, in these studies the acute effects of estrogen on the cultured neurons do not always mimic the actions of long-term estrogen treatment. Therefore, these acute beneficial effects of estrogen need to be confirmed in vivo in animals and humans.
Central nitric oxide (NO) is an important component of cellular transduction pathways in neural systems that regulate BP and sympathetic outflow. Sex differences have been observed in the SFO and PVN of the expression of neuronal NO synthase (nNOS) with female mice having higher levels of expression (43) . Central infusion of a nNOS inhibitor augmented the pressor effects of systemic ANG II in females, but not in males (43) . In addition, ANG II infusion increased nNOS expression in intact females, but not in OVX females or males, suggesting that increased nNOS protein expression is associated with the presence of female sex hormones and plays a protective role against ANG II-induced hypertension in female mice (43) . Cherney et al. (5) also reported that estrogen replacement in OVX rats reduced BP responses to psychological stress and increased NO levels in the hypothalamus and brain stem. These studies suggest that inhibition of NO production in the brain augments the response in restrained OVX/ estrogen-treated rats but not in OVX/vehicle-treated animals. Together, these data suggest that the antihypertensive effects of estrogen are mediated, at least in part, by NO (see Fig. 1 ). This conclusion is further supported by several microinjection studies showing that blockade of NO generation and phosphatidylinositol 3-kinase (Pl-3K)/serine/threonine kinase (Akt) signaling pathway in the RVLM and PVN significantly attenuated the cardiovascular depressive effects elicited by ER␤ activation (9, 28, 37) .
Interactions Between Estrogen and RAAS Antihypertensive Axis in the CNS
Within the RAAS, ACE1/ANG II/AT 1 R and Aldo/MR are considered as a hypertensive axis, while ACE2/ANG-(1-7)/ Mas-R and ANG II/AT 2 R are viewed as an antihypertensive axis (38) (see Fig. 1 ). Hypertension is associated with augmented activation of the classic RAAS hypertensive axis in the periphery and in the brain (6) . Moreover, low doses of Aldo or ANG II enhance ANG II-induced increases in the expression of renin, AT 1 R, and ACE1 mRNA in forebrain nuclei (46, 47) . In contrast to this type of enhancement of the classic RAAS hypertensive axis, estrogen directly interacts with the RAAS to downregulate renin and ACE1 activity and AT 1 R mRNA expression, as well as to upregulate AT 2 R mRNA expression and the level of ANG-(1-7) in the kidney (2) (3) (4) 27) . Recent studies demonstrated that in male mice, brain overexpression of ACE2 increases ANG-(1-7) levels and prevents the development of hypertension induced by peripheral ANG II infusion (7) . Further, in the deoxycorticosterone acetate-salt hypertensive male rats, central infusion of ANG-(1-7) reduces BP and improves baroreflex control of HR (10) . These results highlight the importance of the antihypertensive axis of the RAAS in BP regulation by the CNS.
Recent studies have shown that the expression and activation of the ACE2/ANG-(1-7)/Mas-R/AT 2 R axis differ between the sexes. Studies from two groups reported that ACE2/ANG-(1-7) contributes to the sex differences in the development of ANG II-or obesity-induced hypertension. In both of these forms of hypertension, OVX and the Mas-R antagonist abolished the sex differences observed in BP (11, 30) . Moreover, renal expression of AT 2 R was three-fold greater in female mice compared with males under basal conditions and after chronic ANG II, which was responsible for decreased BP induced by a low dose of ANG II in female rats (4) . However, all of these sex differences in the RAAS antihypertensive axis were observed in peripheral tissues, such as kidney and adipose tissue. There is a limited amount of data available regarding the role of estrogen in regulating the components of brain RAAS antihypertensive axis that is involved in the protective effect of this female steroid in the development of hypertension. Preliminary data from our laboratory show that central blockade of the Mas-R or AT 2 R augmented Aldo-induced hypertension in intact female rats, while central infusion of ANG-(1-7) attenuated Aldo-induced hypertension in OVX females. These results suggest that brain endogenous ANG-(1-7) or AT 2 R in the female normally acts to buffer the increases in BP in the development of Aldo-induced hypertension (45) . Further studies are needed to examine whether there are sex differences in central expression of ACE2, Mas-R or AT 2 R, and ANG-(1-7) levels in physiological and pathophysiological states, as well as the mechanisms underlying estrogen regulation of the brain RAAS antihypertensive axis.
Conclusions
The effects of estrogen on BP, HR, and neuronal activity in brain nuclei involved in BP regulation are regionally and receptor subtype-specific. As summarized in Fig. 1 , estrogen inhibits the adverse effects of activation of the RAAS hypertensive axis through increased NO production, activation of neuronal MaxiK ϩ current and attenuation of ANG II-or Aldo-induced increases in ROS production and intracellular Ca 2ϩ in neurons. Meanwhile, estrogen may also increase ANG-(1-7) levels and ACE2 and AT 2 R expression to enhance the beneficial effects of the RAAS antihypertensive axis in the brain, such that sympathetic outflow is decreased and parasympathetic activity and baroreflex sensitivity are increased. Thus, CNS actions of estrogen play an important protective effect against the development of hypertension. However, the molecular mechanisms underlying the central protective action of estrogen are far from being clarified, and the research regarding this is just beginning. Moreover, it should be noted that the acute effects of estrogen on the brain do not always mimic the actions of long-term estrogen treatment. Therefore, a comprehensive understanding of the molecular, cellular, and systemic mechanisms involved in the effects of estrogen on brain cardiovascular related nuclei to protect against hypertension will be essential to the development of sex-specific therapies to treat chronic high BP and related diseases in humans.
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